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The long-term effectiveness of ecological restoration projects is seldom reported in the scientific liter-
ature. This paper reports on the outcomes of ecosystem restoration following the clearing of alien Pinus
plantations and associated alien plant invasions over 13 years from an 8000 ha mountain catchment in
the Western Cape Province, South Africa. We examined the goals, methods and costs of management,
and the ecological outcomes in terms of reduced alien plant cover and native vegetation recovery. While
the goals were not explicitly formulated at the outset, they were implicitly focussed on the conservation
of water resources, the restoration of biodiversity, and the provision of employment. Initially, most (>90%
of the area) was occupied by Pinus and Acacia invasions, mostly at low densities. The cost of control
(initial clearing and up to 16 follow-up visits to remove emergent seedlings) amounted to almost ZAR 50
million (14 ZAR ~ 1US$). Although the cover of alien plants was greatly reduced, over 1000 ha still
support dense or medium invasions (>25% cover), and the area occupied by scattered Pinus plants
increased by over 3000 ha to >5700 ha. A reliance on passive restoration had not yet resulted in full
recovery of the natural vegetation. The mean number of species, and total projected canopy cover on
50 m2 plots was lower in cleared than in comparable reference sites with pristine vegetation (21 vs 32
species/plot, and 94 vs 168% cover respectively). While the project is ongoing, we conclude that the
entire area could revert to a more densely-invaded state in the event of a reduction of funding. Several
changes to the management approach (including the integrated use of fire, a greater use of power tools,
and active re-seeding of cleared areas with indigenous shrubs) would substantially increase the future
effectiveness of the project and the sustainability of its outcomes.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Human-induced transformation of ecosystems accelerated
during the latter half of the 20th century, leaving very few areas
unaffected. The situation has reached a point where conscious
trade-offs need to be made regarding the optimal configuration of
landscapes that will deliver the most benefit to humanity, in the
form of ecosystem services and the protection of biodiversity
(Millenium Ecosystem Assessment, 2005). As a result, many pro-
jects worldwide seek to restore degraded or transformed ecosys-
tems to a conditionwhere theywill deliver an arguably better set ofbenefits in future (Perring et al., 2015; Stanturf et al., 2014; Suding
et al., 2015).
Successful restoration efforts depend on setting specific goals
and implementing well-planned, effective operations. Restoration
attempts should set clear objectives (Clewell and Aronson, 2007),
and then assess whether or not progress towards achieving those
goals is being made (Holl and Aide, 2011; Sainsbury et al., 2000).
Most assessments of restoration efforts focus on ecological aspects
of restoration activities (Brudvig, 2011), but how the projects are
implemented and managed should also be evaluated (Suding et al.,
2015). Regular monitoring will inform decisions on the allocation of
limited resources, and on adaptive management (Epanchin-Niell
and Hastings, 2010; Holl and Aide, 2011; Sainsbury et al., 2000),
but this is seldom done (Ruiz-Jaen and Aide, 2005). The docu-
mentation of case studies and their outcomes over the long-term is
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et al., 2013; Suding et al., 2015; Wortley et al., 2013).
We took advantage of a rare opportunity to examine an ongoing
long-term restoration effort in a South African mountain catch-
ment. The land had been used for pine plantation forestry from the
1930s. Pine trees (genus Pinus) provide valuable timber, but are also
invasive, spreading to adjacent unplanted areas (McConnachie
et al., 2015) and impacting negatively on water resources (Le
Maitre et al., 1996). In the late 1990s, a decision was taken to
phase out plantation forestry. The plantations and surrounding
land in the catchment were cleared of alien vegetation and restored
as part of the South African government's national invasive species
control program (Working for Water, van Wilgen and
Wannenburgh, 2016). Since 1995, this programme has created
jobs for impoverished workers by contracting out invaded areas for
clearing projects (Koenig, 2009). The goals of the program are to
restore the native fynbos (shrubland) vegetation, to enhance water
runoff, protect biodiversity and provide employment (van Wilgen
and Wannenburgh, 2016). Billions of rands have been spent on
alien tree and shrub control across the country, improving water
yield and providing employment (Marais and Wannenburg, 2008).
The value of the restoration scheme described here hinges on
the removal of invasive alien plants (including plantation trees) and
subsequent restoration of natural vegetation. In this study, we
assessed the outcomes of ecosystem restoration following the
clearing of Pinus plantations and alien plant invasions in the sur-
rounding landscape over 13 years from the upper catchment of the
Berg River in the Western Cape Province, South Africa. We exam-
ined the goals of restoration, the methods employed to achieve the
goals, the costs of management, and the ecological outcomes in
terms of reduced alien plant cover and native vegetation recovery.
Based on this assessment we make recommendations for
improving management in future.
2. Methods
2.1. Study areas
We assessed restoration activities in the upper Berg River
catchment in the Western Cape Province, South Africa (33 560 S,
19 02’ E; Fig. 1). Mean annual rainfall is ~1500mm, and the natural
vegetation is sandstone fynbos shrublands, ranging in height from
0.5 to 2.5 m (Rebelo et al., 2006). The terrain is rugged and
mountainous, with many steep slopes. Soils in the area are
composed of coarse sands derived from sandstones of the
Table Mountain Group (Cape Supergroup), and are mostly shallow
and rocky. Detailed soil profiles are provided in van Wilgen and
Kruger (1985). The project area covered about 8000 ha, about
25% of which had been in plantation (Fig. 2). Lower, relatively less
steep portions of the catchment had been planted as early as the
1930s with pines, primarily Pinus pinaster and P. radiata. Invasive
alien Acacia trees and shrubs, predominantly A. longifolia, also
occurred in the unplanted parts of the study area, notably along
drainage lines and floodplains of the Berg River.
From the late 1960s, the Department of Forestry conducted
invasive plant clearing operations throughout the Berg and
neighbouring catchments, but records of these control operations
have not survived. In 2001, following a severe fire in 1999 that
burned most of the catchment, the state leased the plantation to
the private forestry company Mountain to Ocean (MTO). The pri-
vatisation of timber plantations was based on economic assess-
ments of their viability, and roughly 40 000 ha of plantations in the
Western Cape were considered economically unviable and were
earmarked for deforestation and transfer to conservation author-
ities (Louw, 2004, 2006). Because of anticipated financial loss fromthese plantations due to their unviability as well as the proposed
construction of the Berg River dam, MTO harvested the standing
timber from most of the planted area between 2001 and 2004.
When MTO withdrew in 2005, Working for Water appointed the
Cape Winelands District Municipality to implement alien plant
control operations in the upper Berg River catchment (Fig. 2). These
operations included follow-up on cleared plantations to remove
regrowth, as well as clearing all invasive alien trees and shrubs
from the adjacent catchment and floodplains that had not been
afforested.
We assessed the effectiveness of clearing on vegetation recovery
by comparing sites in the upper Berg River catchment to nearby
areas where vegetation survey data were available. These included
a site at Jonkershoek (McDonald, 1985), and one at Zachariashoek
(van Wilgen and Kruger, 1985, Fig. 1). The geology and soils are
similar to the Berg River catchment; mean annual rainfall is
1700 mm at Jonkershoek, and 1500 mm at Zachariashoek. The
Zachariashoek site had historically been invaded by alien shrubs in
the genus Hakea, which were cleared in the late 1960s (van Wilgen
and Kruger, 1981), while the Jonkershoek site had no history of
invasion.
2.2. Goals of management
The goals of management, and the methods used to achieve
those goals, would ideally be set out in a management plan.
However, there was no formal management plan for this project
area. In 2002, a business plan had been written for a project in an
adjacent area of the catchment. Although the Working for Water
program goals were alluded to, the document included no specific,
measurable objectives. We therefore attempted to document the
management goals by reviewing a number of sources. The sources
included assessments of the extent of the alien plant problem, and
the magnitude of its impacts, published in the peer-reviewed
literature; annual plans of operation that provided details of con-
trol operations; a spatial database of alien plant distribution and
cover, and the costs of control; and interviews with project man-
agers, including the project manager who had overseen the Berg
River operations since their initiation in 2001.
2.3. Elements of best practice, and control methods used
We evaluated the methods used to control alien plants in the
Berg River project by comparing them to approaches that would be
considered to be best practice. These methods included mechanical
and chemical control, biological control, the development of
schedules for follow-up treatments, the integrated use of fire, and
the spatial configuration of control interventions. The elements of
best practice were obtained from studies and reviews published in
the peer-reviewed literature, and the approaches actually
employed were obtained from a review of the spatial database, as
well as through interviews with project managers.
2.4. Extent, cost and effectiveness of control
We obtained information on the extent and cost of control from
the Department of Environmental Affairs’ spatial database. This
database delineates fixed management units on which control
operations (initial clearing and follow-up) are carried out. Each
management unit has an estimate of alien plant cover for each
species present; cover is assessed when the unit is first worked on,
and re-assessed prior to any subsequent follow-up clearing. The
records covered 13 years (2001e2014). Individual assignments on
management units were contracted out to service providers, who
were paid on completion of tasks assigned. The cost of each
Fig. 1. Location of the study sites in the Western Cape Province, South Africa. The largest polygon delineates the upper Berg River catchment; smaller areas are reference sites to the
north (Zachariashoek) and southwest (Jonkershoek). Service Layer Credits: ESRI, HERE, DeLorme, MapmyIndia.
J.M. Fill et al. / Journal of Environmental Management 185 (2017) 1e10 3assignment was determined based on the species present, and their
cover, and costs were recorded on the database. For a given unit, we
assigned all of the cost of each treatment to the dominant species
(the species with the greatest cover) addressed in that treatment. In
our assessment, we differentiated between control efforts within
the former plantation area and in surrounding natural vegetation.
In 2012, a decision was taken to assign the clearing of relatively
inaccessible areas (at higher altitudes and on steeper slopes) to
specialized “high altitude teams”. These teams were managed
separately from other control efforts, and while costs were recor-
ded, therewas no record of the area that was treated, or the identity
of species and their cover. We assigned 70% of the costs of high
altitude teams to Pinus and 30% to Acacia on the recommendation
of the project manager. We used the annual consumer price index
to inflate monetary amounts to 2015 South African rands (ZAR; 1
US$ ~ 14 ZAR). The monetary amounts in the database included
labour and herbicides, but did not include the costs of overheads.
Conservation agencies typically add 35% to the clearing costs to
account for overheads (van Wilgen et al., 2016), and we added this
amount to actual costs to cover overhead expenses such as on
transport, equipment, supervision, and administration. To assess
effectiveness, we examined the change in cover between successive
treatments for the two primary invasive genera, Acacia and Pinus,
from the initiation of clearing activities in 2001 until 2014.
2.5. Recovery of natural vegetation
The recovery of natural vegetation was assessed on plots in the
study area, and was compared to similar data collected from nearby
reference areas (Fig. 1). All study plots in the Berg River catchment
last burned between 2005 and 2010, so that the post-fire age at the
time of the survey was between five and ten years, and all of the
component species would have been large enough to be identified
(van Wilgen and Forsyth, 1992). At the time of surveys in thereference areas, the post-fire age ranged from six to 25 years at
Zachariashoek, and was 29 years at Jonkershoek. We randomly
located 15 plots (5  10-m) in formerly planted areas (“cleared
plantation” plots) and 15 plots in unplanted areas (“cleared fynbos”
plots). We listed all plant species present in each plot and assigned
a cover class to each species on the Braun-Blanquet scale (Küchler,
1967). We randomly selected 15 plots from each of the reference
sites, where the data had been collected in an identical manner. We
refer to the previously invaded and cleared Zachariashoek plots as
“reference disturbed” and to the undisturbed Swartsboskloof plots
as “reference pristine”.
We converted Braun-Blanquet cover classes to the midpoints of
each class prior to analysis. We assigned each species to a growth
form or family (forb, geophyte, Cyperaceae, Restionaceae, grami-
noids, low shrub [<25 cm], mid-shrub [25e100 cm], or tall shrub
[>100 cm]). These classifications were based on maximum heights
listed in field guides and the South African National Biodiversity
Institute database (Manning, 2007; Manning and Goldblatt, 2012;
SANBI, 2009). Alien species were placed in a separate category.
For each of the treatment categories (cleared plantation, cleared
fynbos, reference disturbed, and reference pristine), we summed
the cover class midpoints of all species per plot by growth form, and
calculated mean values per treatment.
2.6. Statistical and descriptive analyses
All analyses were performed in R version 3.2.3 (R Development
Core Team, 2015). We ran a glmwith the Poisson distribution and a
false discovery rate correction to test for differences in species
richness per plot among the four plot types (multcomp package).
We described the frequency (number of plots) and cover of the
most common species (those occurring in at least 8 plots of one
type). We used Kruskal-Wallis tests to test for differences in total
cover, and in average cover of growth forms per plot among the four
Fig. 2. The location of cleared plantations (grey area), and of natural vegetation subjected to alien plant control (outlined in bold) within the upper Berg River catchment (area
within dotted outline).
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disturbed, reference pristine); those that were significant were
subjected to post-hoc multiple comparison tests (Dunn's test,
package dunn.test).
Finally, we generated a Gower dissimilarity matrix, modified for
ordinal data (package FD; Podani, 1999). We used nonmetric
multidimensional scaling (NMDS) and analysis of similarity (ano-
sim; package vegan) to examine differences in species composition
and growth form among the four treatment categories.3. Results
3.1. Goals of management
The goals of the ecosystem restoration project in the Berg Rivercatchment were never explicitly recorded, and there was no formal
management plan to guide operations. The project was initiated
primarily in response to the withdrawal of formal plantation ac-
tivities in the area (Louw, 2006), with the intention of transferring
responsibility for the land to the provincial conservation agency. In
addition, research had recently demonstrated that more water
could be delivered, at a lower unit cost, by integrating alien plant
management into the development and maintenance of water
supply infrastructure, and this was regarded as a key issue in the
planning for the Berg River dam (vanWilgen et al., 1997). These two
factors made the Berg River catchment an excellent candidate for
the implementation of alien plant control projects under the aus-
pices of the government's Working for Water programme (van
Wilgen and Wannenburgh, 2016). While the goals of manage-
ment were not spelt out, they were implicitly aligned with the
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intent to reduce the impact of invasive alien species on water re-
sources (Le Maitre et al., 2002; Marais and Wannenburg, 2008), to
protect or restore native species in a biodiversity hotspot (van
Wilgen, 2013), and to provide employment opportunities (van
Wilgen and Wannenburgh, 2016). For this specific project, how-
ever, the spatial extent of the intended control, the timeframe
within which control was to be achieved, and the allocation of re-
sources to management remained subject to the interpretation of
individuals who were funding and implementing the project.
3.2. Elements of best practice
Several studies of ecosystem restoration following alien plant
clearing in fynbos shrublands have been conducted over the past 20
years. A review of these studies reveals some general principles
that should underpin any restoration effort. Broadly, the problem
species are in two categories. The first, which includes Pinus spe-
cies, are characterised by an inability to re-sprout following felling,
short juvenile periods, and wind dispersal via winged seeds. Best-
practice control involves pre-fire felling of mature trees; given
the extent of the invasions, it is regarded as essential to use power
tools (chainsaws and brushcutters) on non-steep slopes, rather
than hand tools such as axes or handsaws (Fenn, 1980). Seeds are
released from cones after felling, and the area should be burned
after 1e2 years (which kills any resultant seedlings before they can
mature; Holmes et al., 2000). No herbicide treatments are neces-
sary as the trees do not re-sprout. No biological control agents are
available for Pinus, due to concerns about the impact theymay have
on the forest industry (Hoffmann et al., 2011). The second category,
which includes Acacia species, includes plants that produce an
abundance of seeds that build up in the soil (Richardson and Kluge,
2008). Initial felling needs to be followed by the application of
herbicides to cut stumps to prevent re-sprouting. The seeds are
stimulated to germinate en masse by fires, so burning can
dramatically increase the number of seedlings that germinate.
Felling followed by burning can be used to deplete soil-stored seed
banks, but requires repeated follow-up weeding of emergent
seedlings. Alternatively, seedlings can be weeded by hand without
burning. A suite of seed-feeding weevils and gall-forming flies and
wasps (which prevent seed production by inducing the formation
of galls instead of seed pods), have significantly reduced the seed
output of many invasive Acacia species, increasing the probability
of achieving sustainable control (Moran and Hoffmann, 2011).
Because seeds are spread by water along drainage lines, it is best to
initiate clearing operations at the highest point in the catchment,
and to work downstream.
Research has also examined the relative merits of clearing alien
plant invasions of differing densities on the effectiveness of control
operations (Higgins et al., 2000). This research generally indicates
that the most cost-effective approach is to prioritize clearing efforts
on scattered rather than dense invasions (van Wilgen et al., 2000).
In the Berg River catchment, scattered invasions tended to occur on
steep slopes and in inaccessible areas, and additional training is
required to work in these areas. Working for Water established
“high altitude” teams in response to this need, and the activities of
these teams should be integrated with those of teams working in
more accessible, relatively flat areas.
Most invasive alien plant clearing operations in fynbos ecosys-
tems have relied on passive restoration, where the recovery of
natural vegetation relies on in situ survival of individual plants,
regeneration from surviving soil-stored seed, or dispersal from
outside of the cleared area. However, where alien plant invasions
have been allowed to reach high densities for long periods, most
native species are extirpated, and soil seed banks of long-livedspecies have become depleted (Holmes, 2002). In these cases, the
active re-introduction of under-represented plant groups, espe-
cially obligate re-seeding plants such as those in the family Pro-
teaceae, is regarded as an essential element of best practice
(Gaertner et al., 2011; Holmes and Richardson, 1999).
3.3. Adherence to best practice
The implementation of control operations in the Berg River
catchment was characterised by the use of some, but not all, of the
elements of best practice. On the positive side, the control of
invasive Pinus species outside of the cleared plantations was
initially prioritized to target sparsely-invaded areas first, while the
clearing of Acacia species progressed through the catchment sys-
tematically, beginning in the upper reaches of the catchment. Other
activities either deviated from best practice, or best practice tech-
niques were not used at all. The decision in 2012 to separate the
management of inaccessible and high altitude areas (and by
implication the scattered portions of the invaded area) also resulted
in a lack of co-ordination, and an inability to prioritize sparsely-
invaded areas (see section 3.4). The use of power tools was also
limited to only one person in a team of 10, while the remaining
workers had to use hand tools. The use of fire was limited to
biomass-reduction burns following clearing in densely infested
areas (along the river), and there were no prescribed burns aimed
at removing alien plant seedlings higher in the catchment. As a
result, many more follow-up treatments were required to remove
seedlings that could arguably have been removed more effectively,
and at a much lower cost, by burning the cleared areas once the
seeds had germinated. There was also no active reseeding or
replanting of native species.
3.4. Area treated and costs
At the time that the Berg River project was initiated, alien Pinus
trees occurred at a range of densities on approximately 7500 ha in
the project area (Table 1). About 25% of this area (~1900 ha) sup-
ported either dense or medium infestations of Pinus (>25% cover).
Alien Acacia trees occurred on just over 6000 ha, but dense or
medium infestations covered a smaller area than Pinus (about
650 ha, or 11% of the project area). Control costs amounted to nearly
ZAR 28 million for Pinus, and to over ZAR 21 million for Acacia trees
(Table 1). The percentage of the annual budget that was allocated to
high elevation clearing was 28%, 22%, and 6% for 2012, 2013, and
2014, respectively. Ideally, these percentages should have been
higher to achieve the necessary focus on sparsely-invaded areas.
Unfortunately, a lack of records does not allow for an assessment of
the areas or species treated by the high altitude teams. Although
invasive Acacia trees with high cover occupied much less area than
Pinus (11 vs 25%), costs for clearing were not that different (ZAR 28
vs 21 million). This reflects the higher costs per unit area to clear
Acacia trees, as they require the application of herbicides to cut
stumps, and more follow-up treatments to remove seedlings that
constantly emerge from the soil. Areas cleared of invasive Pinus
trees received up to 15 follow-up weeding treatments (typically
two e five treatments), in areas of high or low cover (Fig. 3). In-
vasions of Acacia trees with low cover were typically followed up
between three and seven times, while areas with higher levels of
cover were followed up more frequently (8e16 times, Fig. 3).
3.5. Effectiveness of control
Clearing operations in the upper Berg River catchment have
substantially reduced the cover of invasive alien trees (Fig. 4).
However, much remains to be done. Despite significant amounts
Table 1
The initial extent of alien plant invasions in the upper Berg River catchment and the costs of control.
Genus Initial area occupied (ha) Cost of control 2001e2014 (2015 ZAR)
Medium-dense (>25%) Low-scattered (1e25%)
Pinus 1882 5642 27 971 342
Acacia 657 5368 21 833 247
Fig. 3. The area of (a) Pinus and (b) Acacia trees in two categories of cover (medium-
dense ¼ 26e100% cover; low-scattered ¼ 1e25% cover) subjected to different numbers
of follow-up treatments in the Berg River catchment between 2001 and 2014.
Fig. 4. Area occupied by alien Pinus and Acacia trees at different levels of cover in the
upper Berg River catchment at the initiation of a control project in 2001, and after 13
years of treatments in 2014. Cover levels are dense (>50% cover), medium (26e50%
cover), low (6e25% cover) and scattered (0.5e5% cover).
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419 ha of dense andmedium-cover Pinus trees, and 679 ha of Acacia
trees remain (the estimated cover of Acacia trees in the medium
category actually increased by 174 ha). Some change in Acacia cover,
particularly on high slopes, was likely due to germination after
fires, several of which occurred in the catchment during this period.
In addition, the area occupied by scattered pines increased bymore
than 3000 ha to >5700 ha (some of this was due to reductions in
cover of areas previously mapped as dense, medium or low cover).
Native trees and shrubs have recovered in riparian zones that
previously supported a relatively high cover of Acacia trees (Fig. 5).
Young Pinus trees were still evident across most of the catchment,
particularly at higher altitudes (Fig. 6).
3.6. Vegetation recovery
Alien plant control, and a reliance on passive restoration, has not
yet resulted in the successful restoration of all elements of native
species diversity. Plots in reference sites were characterised by
relatively high species diversity at a plot level (a mean of 32 species
per plot, Table 2), significantly higher than at the two cleared sites
(p ¼ 0.00). Cleared fynbos plots in the Berg River had 25% fewer
species per plot (24) than the reference sites, while cleared plan-
tations had 40% fewer species per plot (19) than reference sites
(p ¼ 0.00). Overall overlapping canopy cover on cleared orpreviously disturbed sites was also lower (70e108%) than on the
pristine reference site (168%, Table 2). The most marked difference
was in tall shrubs, which covered roughly 90% in the reference
pristine site, compared to 15e30% in cleared sites. Most of these
shrubs were obligate re-seeding Protea shrubs, although Protea
nitida (a tall shrub that is able to resprout after fire) was also
negatively affected by invasion, and had not returned to cleared
sites. Low andmid-shrubs in the genus Erica appeared less affected.
The mid-shrub Stoebe plumosa, an indicator of disturbed sites,
occurredmore frequently, and at higher cover, on cleared plots than
on reference sites. In addition, alien species were still evident on
most plots in the Berg catchment, but absent from plots in the
reference sites. However, total species diversities were similar
across all sites, although the suite of co-occurring species differed,
as indicated by the separation of plant communities in the NMDS
plot (Fig. 7A). Cleared fynbos and cleared plantation plots were
more similar to each other than to the reference plots both in
composition of species with cover class midpoints greater than 15%
(R-0.3829, p ¼ 0.001; Fig. 7A) and in cover by growth form
(R ¼ 0.4812, p ¼ 0.001; Fig. 7B).
Fig. 5. Section of the Berg River catchment in May 2008 (top) and October 2015
(bottom). Planted Pinus trees have been removed, and invasive trees have been
repeatedly cleared from adjacent unplanted areas in the background. Recovery of
native trees along the riparian zone is evident (Photographs: G.G. Forsyth).
Fig. 6. Upper slopes of the Berg River catchment showing regenerating Pinus trees in
areas that have been previously cleared and followed up. (Photograph: G.G. Forsyth).
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4.1. Effectiveness of control
Large sums of money are spent annually around the world on
alien plant and animal control projects, but their effectiveness in
the medium to long term is seldom reported, especially in the
scientific literature (Menz et al., 2013). In the case that we
considered here, it is clear that while there has been some progress,
much remains to be done to ensure a sustainable outcome, despite
substantial and sustained funding. In the Berg River project, as with
other similar alien plant control projects in South Africa, a sus-
tainable outcome is regarded as the achievement of a low level of
invasion that could be contained at a relatively low cost in perpe-
tuity. Often referred to as a “maintenance level” (Department of
Environmental Affairs, 2016), this goal recognises that alien spe-
cies, once established, cannot be eradicated (Simberloff et al.,
2005). It should be possible, however, for management agencies
to raise sufficient funding to ensure the ongoing protection of
ecosystem services (for example by adding a levy to the price of
water, see Turpie et al., 2008), provided that invasions are reduced
to a maintenance level. It is unlikely that the current levels of
funding will be sustained for long enough to reach this level at the
current rate of progress, and if the funding were to decline in the
near future, it is possible that the upper Berg River catchment
would rapidly become re-invaded.
Our assessment has shown that, unless best practice is followed,
it is extraordinarily difficult to achieve effective alien plant control
and ecosystem restoration, even with a large budget. Evidence
suggests that this is true for many areas of the Western Cape (van
Wilgen et al., 2012; van Wilgen et al., 2016). A failure to achieve
the goal of reducing plant invasions in the Berg and other catch-
ments would have serious negative consequences. First, an increase
of invasions could reduce water resources by up to 36%, severely
constraining the growth of local economies and impacting on
quality of life in the major towns and cities in the CFR (Le Maitre
et al., 1996; van Wilgen et al., 2008). Secondly alien plant in-
vasions would erode biodiversity in a recognised hotspot
(Raimondo et al., 2009; van Wilgen et al., 2008), reducing the
resilience of the ecosystem and its ability to deliver services. Finally,
alien plant invasions increase fuel loads and thus the severity of
wildfires (common in the region), with significant economic and
safety implications (Nel et al., 2014; vanWilgen and Scott, 2001). To
avoid these consequences, it will be necessary to ensure a better
adherence to best practice, as discussed in section 4.2 below.
4.2. Recommendations for improving the effectiveness of control
If ecosystem restoration is to be achieved, then adherence to
best practice would almost certainly be essential (section 3.2).
Establishing explicit operational goals should be a first step in
determining how these methods should be applied. These goals
should set measurable targets to be achieved within a defined
timeframe, and incorporated into a comprehensive management
plan for the catchment. Notably, a management plan is currently
being drafted for this project (M. Paulsen, personal communica-
tion). We make several recommendations for this process.
Fire is a cost-effective method for controlling non-sprouting
alien plants and stimulating vegetation recovery (Richardson and
van Wilgen, 1986b). It can be substantially cheaper than mechani-
cal activities (Musil et al., 2005), especially on steep slopes and
inaccessible areas. Although there are risks associated with pre-
scribed fire, the threats posed by invasive alien plants are arguably
greater and are even exacerbated by the occurrence of unplanned
wildfires (van Wilgen, 2009). In the case of low-density invasive
Table 2
Comparison of plant species occurrence, richness and cover statistics on plots (5  10 m) following four treatments in fynbos shrublands (n ¼ 15 plots per treatment).
Statistic Treatment
Cleared planted Cleared fynbos Reference disturbed Reference pristine
Mean native species richness/plot1 19a ± 1 24b ± 1 31c ± 1 33c ± 1
Mean total percent cover/plot 70.7 a 108 a 104 a 168 b
Total number of native species 113 163 134 145
Total number of alien species 3 4 0 0
Mean percent cover of graminoids 7.6ab 7.4a 6.9a 15.9b
Mean percent cover of restioids 4.5 a 22.7 b 30.5 b 16.4 b
Mean percent cover of forbs 13.4 ab 7.97 a 4.5 a 24.9 b
Mean percent cover of tall shrubs 15.5 a 30.6 a 32.6 a 89.6 b
Occurrence of obligate reseeding Protea species (tall shrubs)2 0 1 (0.2) 7 (0.5) 12 (31)
Occurrence of Protea nitida (resprouting tall shrub)2 0 1 (1.0) 6 (6.7) 8 (5.1)
Occurrence of Erica species (low and mid-shrubs)2 11 (4.1) 14 (14.5) 9 (4.9) 14 (6.5)
Occurrence of Stoebe plumosa (mid-shrub)2 14 (5.8) 13 (5.7) 7 (1.4) 3 (1.4)
1Mean ± standard error, rounded to the nearest integer. Means with the same superscript do not differ significantly.
2Number of plots, with mean percent cover in parentheses.
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years after initial felling would remove almost all pine seedlings
that emerge after felling at a fraction of the cost of multiple follow-
up treatments as currently applied (Fig. 3), thereby substantially
increasing the effectiveness of control. Handpulling of seedlings
would be more appropriate after felling dense invasive stands or
plantations, where indigenous seed banks would have been
depleted, and where fire intensity would be increased by elevated
fuels loads brought about by invasion and clearing. In such cases,
handpulling instead of burning would reduce the risk of destroying
the few remaining indigenous plant seeds (Holmes et al., 2000;
Richardson and van Wilgen, 1986b).
Power tools such as chainsaws and brushcutters should also be
favoured for non-sprouting alien plants (pines and hakeas) over
labour-intensive tools such as handsaws and axes where appro-
priate, or at least in less steep areas. Currently, the use of power
tools is minimised because of the need for additional training and
safety precautions, resulting in large inefficiencies. Finally, the
separate operations aimed respectively at accessible and less
accessible areas should be coordinated, with more resources going
to the clearing of scattered invasions where the returns on in-
vestment would be far greater (McConnachie et al., 2016).
It is clear that active restorationwill also be necessary to restore
missing components of fynbos vegetation. Our species richness
numbers are similar to those of Pinus-invaded and uninvaded sites
sampled by Richardson et al. (1989). Species richness declines with
invasion duration (Holmes and Cowling, 1997), and may still be
significantly lower than uninvaded fynbos even after clearing
(Richardson et al., 1989). Acacia invasions elevate soil nitrogen
levels which are less favorable to proteoid and ericoid shrubs than
to grasses, forbs, and other shrubs (Gaertner et al., 2012). A number
of species, especially those in the genus Protea, are eliminated by
dense invasions, along with their seed pools, and will need to be
reintroduced (Holmes and Cowling, 1997; Richardson and van
Wilgen, 1986a). This can be done by harvesting and scattering
local seed (Holmes and Richardson, 1999). Erica species can persist
for longer time periods but eventually decline with canopy closure
(Holmes and Cowling, 1997). Although re-seeding species may
persist for long periods of time as seeds in the soil, including some
Proteaceae and Ericaceae species (Holmes and Newton, 2004), fire
stimulates germination in others, including species of Restionaceae,
Fabaceae, and Asteraceae (Brown et al., 1994; Brown and Botha,
2004). Thus, lack of prescribed fire in management plans may
inhibit successful restoration of certain species.
The management approach could also be substantially
improved by changes to the current employment model. Thecurrent practice of awarding contracts for clearing individual
management units results in discontinuous employment oppor-
tunities interspersed with periods of unemployment while the next
contract is being secured. Because wages are higher for other sea-
sonal work particularly during the summer months, workers on
clearing teams leave after a winter season and do not necessarily
return the following season. Thus, training (including power tool
instruction) is provided every year to a new group of employees,
making this an annual cost. Instead, workers could be paid better
wages to stay on throughout the year and training costs would be
lower. Additionally, if high and low elevation areas continue to be
cleared by different agencies, the same intensive training should be
supplied to all teams.
Finally, long-term planning and monitoring activities are
essential for evaluating the effectiveness of best practice ap-
proaches (McConnachie et al., 2012). Periodic assessments over the
long term should reveal whether alien plant spread is under control
and if re-established fynbos plant populations are self-sustaining
(Holmes and Richardson, 1999). Monitoring should also include
quality control for diligence in applying clearing and restoration
treatments in the field (Kraaij et al., 2017; McConnachie et al.,
2012). In addition to requiring reports of monitoring results, a
management plan should describe contingency plans and moni-
toring schedules in the event of likely scenarios such as budget cuts
and unplanned wildfires.4.3. The need for assessments
Globally, there is a growing recognition that scarce funding for
conservation needs to be spent more effectively (Bottrill et al.,
2008; Murdoch et al., 2007; Wilson et al., 2006). Coupled to this,
there is a need to document the outcomes of actual projects, and to
learn from them (Palmer et al., 2007; Suding et al., 2015). Even if
initial project goals are not achieved, monitoring the ecological
results of an approach assists subsequent resource allocation de-
cisions (Bryan et al., 2009; Saunders and Norton, 2001; Shafer and
Bergstrom, 2010). Other large-scale projects have illustrated the
importance of informed approaches for ensuring sustainable, cost-
effective restoration outcomes. The evolution of restoration activ-
ities in Brazilian Atlantic forests illustrates how advances in
ecological understanding over time improved outcomes in terms of
lower costs and sustainable native plant restoration (Rodrigues
et al., 2009). However, although there have been calls for infor-
mation dissemination, the outcomes of restoration projects are not
often used to inform practice (Knight et al., 2006; Menz et al., 2013),
and case studies are rare (Knight et al., 2006; Palmer et al., 2007).
Fig. 7. Nonmetric multidimensional scaling (NMDS) of species cover class midpoints in
the four groups using A) species with values of 15% or more and B) growth form cover
per plot (P, reference pristine; D, reference disturbed; PL, cleared planted; F, cleared
fynbos). Polygons show convex hull of the plots in each group.
J.M. Fill et al. / Journal of Environmental Management 185 (2017) 1e10 9Our assessment has demonstrated how case studies can lead to
practical recommendations to improve the efficacy of restoration
and management projects. Moreover, our results contribute to a
broader assessment of how well a national-level management
framework promotes invasion control and ecosystem restoration.
Therefore, our study should provide additional impetus for
assessing restoration projects not only in South Africa, but also in
other parts of theworld where alien plant control or restoration are
priorities for management (Dukes and Mooney, 2004; Grice, 2004;
Williams and West, 2000). For example, both New Zealand and
Australia have national invasive alien plant policy frameworks to
guide management. Assessments of control measures and out-
comes are absolutely essential for identifying effective manage-
ment strategies and providing recommendations to improve policy
(e.g., Odom et al., 2003; Vitelli and Pitt, 2006).Acknowledgements
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